In this paper the first study of the upward going events detected by the telescopes of the Extreme Energy Event (EEE) project is reported. The EEE project consists of a detector array of Multigap Resistive Plate Chambers located at selected sites on the Italian territory. During autumn 2014 the first coordinated data taking period took place and around one billion candidate tracks were collected. Among them, of particular interest is the sample of particles which cross the telescopes from below. The results obtained demonstrate that the EEE telescopes can distinguish the electrons produced as decay products of cosmic muons stopped in the ground, or in the last chamber of the telescopes themselves, confirming the excellent performance of the system for the investigation of intriguing cosmic phenomena.
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Introduction
The Extreme Energy Events (EEE) project is an innovative experiment with the main goal of detecting the ground muon component of Extensive Atmospheric Showers (EAS)-particularly those generated by primaries with energy 4 10 19 eV [1,2].
The project started in 2004 and essentially consisted of building an array of about 50 telescopes scattered in the Italian territory and hosted in as many Italian high schools (plus two telescopes at INFN sections and two at CERN) [3] . Each station consists of three large area Multi-Gap Resistive Plate Chambers, very similar to the ones used for the time-of-flight system of the ALICE experiment at CERN, and therefore providing accurate particle tracking and timing information [4] .
After its initial phase, the EEE collaboration has started a series of coordinated acquisition periods, during which data from all the active stations are collected, processed and analysed. The first period of coordinated data taking, hereafter Pilot Run, took place in October-November 2014. The data collected during the Pilot Run -$ 1 billion of candidate tracks in total-are now being analysed, with the purpose to continue, with a much improved statistics and monitored conditions, the analysis performed in the past years using limited time periods and sets of telescopes. In particular, events registered in coincidence at different sites are a direct measure of the EAS flux, and are thoroughly investigated [5] [6] [7] . Also, the variations of the cosmic muon rate at each telescope are interesting, since they can be correlated with astrophysical events such as, for instance, Forbush decreases [8] .
Moreover, the study of events related to particles crossing the EEE telescope and directed from the ground upwards is intriguing. In principle, some of these events could be related to neutrinos crossing the Earth and interacting close to its surface just under the telescopes. In fact, these have been extensively investigated in the past [9] . Upward going events were also detected by the EEE telescopes, and their observation was reported elsewhere [10, 11] . However, due to the rather limited statistics, it was not possible to draw definitive conclusions about their nature; however, from the beginning, it was clear that they were far too numerous to be interpreted just as events derived from neutrinos.
Here a more thorough analysis is reported, allowing the identification of the majority of the upward-going events as electrons produced by downward going muons crossing the telescope, but stopping in the material in the ground or in the telescope itself, where they decay. The fact that it was possible to discern these events among the billions collected in total is a clear indication of the excellent performance of the system during the whole Pilot Run.
The Extreme Energy Events project
The scientific multi-disciplinary value of the EEE project [3] , its technical basis and its performance have been already described in [4, 5, 12, 13] . Here, just a a synthetic description is presented.
Description of the telescopes
Each EEE telescope comprises three Multigap Resistive Plate Chambers (MRPCs), mounted horizontally on a metallic frame with vertical separation ranging between 0.4 and 1.0 m depending on the different stations.
An MRPCs consists of six gas gaps, as shown schematically in Fig. 1 ; the structure consists of two thicker glass plates (1.9 mm thick), coated with resistive paint, and five thinner glass plates (1.1 mm thick), spaced by 300 μm by means of commercial nylon fishing line; the glass volume resistivity is $ 10 13 Ωcm. Each MRPC features 24, 2.5 cm-wide, copper readout strips, separated from each other by 0.7 cm (i.e., a strip pitch of 3.2 cm) and an overall active area of 0.82 Â 1.58 m 2 ; these readout strips are mounted on external fiberglass panels. The MRPCs are flushed with 98% of C 2 H 2 F 4 and 2% of SF 6 gas mixture. The chambers are operated in avalanche mode with a typical operating voltage around 18 kV supplied by DC/DC converters. When an ionizing particle passes through the gas, it creates a number of primary ion-electron pairs, which exponentially grows in the avalanche process. Since the MRPCs glass plates have high resistivity, they act as dielectrics for the fast signal produced by the drift of the electrons in the gas avalanches. The induced signal, picked up by the copper strips, corresponds to all gas avalanches in all the gas. These signals are transmitted to the front-end boards (FEA) mounted at the two ends of the chamber.
The signals coming from the FEAs on each telescope are processed by a trigger card in order to provide information to the VME-based data acquisition. A six-fold coincidence of both frontend cards of the three MRPCs generates the data acquisition trigger. The particle impact point is determined by the position of the hit strip in one direction; in the other direction the difference of signal arrival time at the strip ends, measured by two multi-hit TDCs (CAEN Mod. V1190A/B), localizes the position along the lenght of the strip. At the operating voltage, the measured MRPC efficiency is typically 95%. The TDCs are operated with a 100 ps bin width, so that strip dimension and time difference provide an overall spatial resolution of about 1 cm along the two coordinates.
The absolute time of each event is recorded and synchronized by means of Global Positioning System modules, in order to get the event time stamp and to correlate the information collected by different telescopes. The data acquisition is controlled by a LabView program running on a PC connected to the VME crate via an USB-VME bridge. A picture of one of the EEE stations selected for the analysis described in this work is shown in Fig. 2. 
Data processing and data quality monitoring
The data-processing infrastructure for the EEE experiment is provided by CNAF (Centro Nazionale Analisi Fotogrammi), the central computer facility of the Italian National Institute for Nuclear Physics (INFN) and one of most prominent centers for distributed computing in Italy.
The data acquisition is organized in units (or runs) of 50,000 events each, corresponding to 15-30 min of data taking, depending on the acceptance of the telescope. During periods of coordinated data acquisition, the DAQ systems are running continuously under the direct supervision of the students and professors. Data from each school participating in the project are automatically transferred to CNAF and processed in almost real time on a dedicated machine. For each run the standard event reconstruction (see Section 2.3) is performed and a data summary tape (DST) in ROOT [14] format is created for calibration and scientific analysis purposes. All the book-keeping is performed via a dedicated MySql database.
Run-by-run and daily summary reports are also automatically produced for each telescope and made available through a central web interface by the data-processing pipeline. They constitute one of the main data quality monitoring resources for the shifters and the run coordinators.
Event reconstruction
The first step of the event reconstruction is a clustering stage, where hits in the detector that are contiguous to each other are grouped into clusters. The average cluster multiplicity for typical atmospheric-muon events is low: one cluster per plane for the majority of the events.
We feed the cluster coordinates into two independent unweighted linear fits to triplets of points in the two orthogonal xz and y-z views (see Fig. 3 for an event display). The two fits are then combined to provide the best-fit track parameters, i.e., the direction cosines and the track intercept with the middle MRPC plane. We define the square root d of the quadratic sum of the three-dimensional distances d i between the cluster positions and the best-fit track
and use it as an indicator of the fit quality (the index i in the sum is running over the three MRPC planes). When the cluster multiplicity in one or more planes is greater than 1, all the possible triplets of points are fitted and the track with the lowest d is used in the analysis. The d value for the best track can amount to several cm for low-energy particles, and in the remaining of this work we do require events to have d o 10 cm in order to be included in the analysis. We anticipate, however, that our conclusions are largely independent from the precise choice of the cut value. The time of flight T f of each event is measured as the time difference between the hits in the uppermost and lowermost MRPC plane. These two planes are physically fed into the same time-to-digital converter and the resolution on the time of flight is of the order of a few hundreds of ps or better. For a typical track length l $ 1 m (or T f $ 3 ns), this translates into a relative error on the measurement of the velocity
of $ 10% for an ultra-relativistic particle. We conventionally assign
positive β values to downward-going particles and negative β values to upward-going particles.
Data analysis
The data sample used for this analysis is a subset of the events acquired in the EEE Pilot Run, spanning the $ 3-week time interval between October 21 and November 14, 2014. In total, 22 telescopes were active for at least part of the pilot run; 813,246,560 events were observed in 26,418 data taking runs where 657,441,238 candidate tracks were analysed. We selected events from three representative telescopes that featured stable operation with a $100% duty cycle through the entire pilot run: Fig. 2 . Picture of the EEE station FRAS-02, located in the high school ITT Enrico Fermi, Frascati (close to Rome). All the basic components of the detectors and the associated data acquisition system are shown: the MRPCs, the VME crate, the lowand high-voltage supply systems, the computer controlling the DAQ and the gas cabinet in the background. . Event display of two tracks, separated in time by $ 2.7 μs, acquired during the pilot run-a downward-going candidate muon (in blue) and an upward-going candidate electron (in red). Though, due to the multiple Coulomb scattering, it is only possible to constrain the vertex position to a few cm, we found, in this case, a vertex position consistent with the lowermost MRPC chamber. We note that the d is significantly larger for the upward-going particle than for the downward-going one. (The dots indicate the positions of the clusters in the two views, the dotted lines are the best-fit tracks and the numbers close to the hits represent the spatial residuals.) (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
1. FRAS-02 (located in the high school "ITT Enrico Fermi", Frascati, close to Rome). 2. SAVO-01 (located in the high school "Liceo Scientifico Orazio
Grassi", Savona). 3. SAVO-02 (located in the high school "Liceo Chiabrera-Martini", Savona).
Upward going events
Out of the $ 1:3 Â 10 8 events with a good reconstructed track (d o 10 cm) in the original sample, about 7 Â 10 4 (or almost one in a thousand) feature a negative β, i.e., they are upward-going.
While a direct comparison with other measurements, e.g., by MACRO [9] , is not trivial due to the different muon energy thresholds, this is much larger than the expected contribution from atmospheric/extraterrestrial neutrino. The calculation in [15, 16] , for example, provides an estimate for muons from atmospheric neutrinos of the order of 10 À 13 s À 1 cm À 2 sr À 1 , which, when multiplied by the typical acceptance of an EEE telescope, translates into something of the order of $1 observed event every 10 years. This is one of the motivations that prompted us to investigate the origin of this large number of events.
The working hypothesis at the base of our analysis is that a significant fraction of the upward-going events is actually originating from downward-going muons which range out in the lowermost MRPC assembly or in the concrete immediately below the telescope where they stop and subsequently decay at rest into
The two neutrinos produced in the muon beta decay would then travel undetected, while the outgoing electron could occasionally escape the concrete and traverse the three chambers, triggering the telescope.
A schematic representation of the process is shown in Fig. 3 through an actual event display collected during the pilot run.
The basic signatures are:
1. the temporal separation between the downward-going (parent) muon and the upward-going (daughter) electron should be of the order of the muon lifetime ( $ 2 μs); 2. the β of the parent muon should be small enough for it to range out near to the surface of the concrete underneath the telescope, or in the lowest chamber of the telescope; 3. accordingly, the d of the reconstructed track from the parent muon should be relatively large, due to multiple Coulomb scattering;
4. similarly, the d of the reconstructed track from the upwardgoing (low-energy) electron should be much larger than that of the parent muon.
In order to confirm our working hypothesis, each of these signatures has been thoroughly studied as described in the following sections.
Finally, it is worth to note that while positive muons can only decay freely, negative muons have another disappearance channel in matter, which is muon capture by a nucleus (as for electrons). The negative muon can spend some time inside the nucleus, and has a sizeable (Z-dependent [17] ) probability to be captured by a proton in the nucleus. Therefore, since negative muons in matter can either decay or be captured, their lifetime in matter is different (and smaller) from that of positive muons. This is extensively discussed e.g., in [18, 19] . Thus we expect a small difference in the measured muon lifetime value with respect to the tabulated lifetime of the muon at rest that is related to the atmospheric muon charge ratio μ þ =μ À . The muon charge ratio value is about 1.3 at sea level and reflects the excess of π
forward fragmentation region of proton-initiated showers together with the fact that there are more protons than neutrons in the primary spectrum [20] [21] [22] .
Temporal analysis
In Fig. 4 , the time difference with respect to the previous event (which we shall refer to as TDP hereafter) is plotted for our sample as a function of the measured particle velocity β ¼ v=c. While the core of the distribution is centered around β $ 1 and TDP $ 24 ms (i.e., is compatible with downward-going relativistic muons produced by atmospheric showers and impinging on the detector at an average rate of $ 42 Hz), two separate populations of upwardgoing relativistic particles (with β close to À1) are clearly visible, one of which is characterized by a TDP of the order of μs, i.e., much smaller than the inverse of the average data acquisition rate. As mentioned before, the latter population accounts for some $ 4 Â 10 À 5 of the total number of events in our sample.
In order to investigate the parent-daughter scenario outlined at the beginning of this section, in Fig. 5 we restrict ourselves to the negative-β half-plane (that is, upward-going particles) and we plot the TDP as a function of the measured velocity of the previous event-i.e., the putative parent. It is clear that the small population of upward-going events with TDP $ μs in Fig. 4 is in a parentdaughter relationship with relatively slow down-going particles with 0:5 o βo0:8. Table 1 ), corresponding to an average TDP $ 24 ms. Assuming that these slow particles are indeed low-energy atmospheric muons, for β $ 0:65, we estimate a range in Al or in concrete of the order of 2-3 cm [23] . The energy distribution of the Michel electrons emitted in the muon decay peaks at $45 MeV, corresponding to an electron range of $ 7 cm, i.e., larger than that of the parent muon [24] . This would allow the daughter electron to escape the absorbing material underneath the telescope, and potentially trigger the telescope itself. 1 We stress that, although we can directly identify this parentdaughter relationship in a small sub-population only ( $ 4 Â 10 À 5 of the total sample, or $ 6% of the upward-going events), it is not unlikely that most (or all) of the remaining upward-going particles could be electrons from the beta decay of muons being absorbed in the vicinity of the lowest chamber without triggering the telescope. This will be investigated in more detail in the next section.
In order to measure the lifetime of the decay process we plot the TDP distribution for several classes of events (downward-going relativistic particles, upward-going relativistic particles following a fast downward-going one, and upward-going relativistic particles following a slow downward-going one) in Fig. 6 . We note that, when logarithmically binned, the distribution of time differences between successive events for a Poisson process with time constant τ is bell-shaped 2 with a maximum at TDP ¼ τ. The representation in Fig. 6 is therefore very effective in visually highlighting the presence of different exponentially-distributed temporal components. The continuous lines in Fig. 6 represent the exponential (for downward-going particles) and double-exponential (for upwardgoing particles) models that best fit the data. For the two populations of upward-going events, the fast and slow temporal components of the double exponential are meant to capture the delayed coincidences induced by the muon decay and the standard underlying Poisson process dictated by the rate of data acquisition, respectively. We note that, as already stated before, the vast majority of upward-going tracks following a slow downwardgoing particle is related to muon decays. Table 1 summarizes the fit parameters. We note that our estimate for the time constant of the delayed coincidences in Table 1 (2:04 7 0:04 μs) is $ 10% smaller than the tabulated lifetime of the muon at rest. This is related to the well-known matter effects for stopping negative muons, as studied already, e.g., in [18, 19] and discussed in Section 3.1 due to the atmospheric muon charge ratio μ þ =μ À .
Particle identification
Due to their different mass and typical energy, electrons from muon beta decay and relativistic muons experience significantly different multiple scattering when crossing the detector material. For reference, given an overall thickness of $ 20%X 0 for a single detection-plane assembly, a vertical 45 MeV electron will be scattered with an average angle of $ 7°in Gaussian approximation, whereas the same figure is of the order of $ 0.3°for a 1 GeV muon. When extrapolated to the typical lever arm between planes ( $50 cm), this translates into a linear displacement of $ 6 cm and a few mm, respectively-i.e., the electron can be deflected by $ 2 times the strip pitch, while at the given detector resolution the muon essentially travels in a straight line. This potentially allows a statistical identification of electron events using d as a discriminator.
Based on these considerations we define a simple track shape indicator ξ as ξ ¼ log 10 ð1 þ dÞ:
In Fig. 7 this shape indicator is plotted as a function of β for three classes of events:
1. the entire sample, i.e. mainly fast downward-going muons, with a small contribution from the upward-going events under investigation (top panel); 2. a clean electron sample, obtained selecting upward-going tracks following a slow downward-going muon by o30 μs (lower-left panel). 3. a clean slow-muon sample, obtained selecting downward-going particles followed by an upward-going particle within less than 30 μs (lower-right panel)
The mean value of the shape indicator for upward-going electrons is ξ $ 0:85 (corresponding to a d $ 6 cm), which, as expected, is much larger than the mean value (ξ $ 0:5, corresponding to a d $ 2 cm) for the relativistic downward-going muons. We also note that the average value of the shape indicator for slow muons (ξ $ 0:6, or d $ 3 cm) is slightly larger than the corresponding figure for fast muons. This is also expected, since the average multiple-scattering angle for a muon with β ¼ 0:65 (kinetic energy $ 35 MeV) is of the order of 5°.
As pointed out at the beginning of this section, the differences in the shape indicator can be used to infer the relative abundance of the different upward-going populations via a template fitting. More specifically, we derive from the actual data template Table 1 Best-fit parameters for the models shown in Fig. 6 . Note that we quote the time constant for the fast components (which is germane to the muon lifetime) and the inverse of the time constant for the slow components-which indicates the average data acquisition rate. 1 By taking into account the material budget of the three chambers, a minimum energy for the electrons to trigger the telescope of $ 25 MeV can be estimated. 2 Formally, if t is exponentially distributed (dN=dt ¼ N 0 e À t=τ ), then the probability density function of the variable x ¼ log 10 ðtÞ is given by:
À 10 x =τ̇M distributions for fast muons, slow muons and electrons. In order to account for the background induced by misreconstructed events, peaking at large ξ values, we derive a template using the side bands j βj 42. This is shown qualitatively in Fig. 8 .
It should be noted that the templates are partially degenerate with each other, and therefore it is not trivial to assess the systematic uncertainties associated to our measurement. Nonetheless, while the relative abundances of the sub-dominant populations show some (weak) dependence on the cuts defining the templates, the fact that the electron component is the dominant one is a very important result. This provides compelling evidence that, even if the timing analysis only allows us to identify the muon decay as the underlying mechanism for a relatively small upward-going population, electrons from muon decay indeed account for most of the upward-going events in our sample.
A detailed study of the other sub-dominant components (e.g., upward-going back-scattered muons) would require a significant amount of additional analysis and will be addressed in a future work.
Conclusions
The origin of the upward-going events observed by the EEE telescopes is one of the most important purposes of the EEE project. The first step is to study those events which do simulate the genuine upgoing events. In fact relativistic upgoing electrons are produced from the decay of downward-going muons stopping in the lowermost part of the telescope or in the ground immediately below it. For about 6% of the sample, the downward-going parent muon triggers the telescope and can be tagged.
Being able to perform such an analysis is a clear indication of the excellent performance of the EEE network and its telescopes. This is relevant for the measurements about coincidences, cosmic rays variations, etc. that are at present ongoing. Moreover these measurements have a clear value from the educative point of view, which is one of the goals of the EEE experiment.
After the Pilot Run, the Run1 of the EEE experiment took place. This lasted from February 23 up to April 30, 2015, and four billion events have been collected, which are currently being reconstructed and analysed. The analysis described here with a much larger data sample represents the next step for the EEE project. Moreover, improvements in the reconstruction procedure have included additional information with respect to this analysis, such as the vertexes of the capture/decay and a second track in the same event. This will lead to an even more refined analysis in the future. (   Fig. 8 . Example of template fit to the various upward-going populations using our shape indicator as a discriminating variable. While the exact abundances of the sub-dominant components depend, to some extent, on the exact prescription we use to extract the corresponding templates, the electron component is always dominant. The various peaks in the distributions are due to the digitizing induced by the relatively large pitch of the strips.
